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Ching-Lin Chang,*a Ting-Shan Chan,d Jin-Ming Chen,d Jyh-Fu Leed and Chung-Li Dong*d
This study reports on the electronic structure of Fe-doped CeO2 nanoparticles (NPs), determined by
coupled X-ray absorption spectroscopy and X-ray emission spectroscopy. A comparison of the local
electronic structure around the Ce site with that around the Fe site indicates that the Fe substitutes for
the Ce. The oxygen K-edge spectra that originated from the hybridization between cerium 4f and
oxygen 2p states are sensitive to the oxidation state and depend strongly on the concentration of Fe
doping. The Ce M4,5-edges and the Fe L2,3-edges reveal the variations of the charge states of Ce and Fe
upon doping, respectively. The band gap is further obtained from the combined absorption–emission
spectrum and decreased upon Fe doping, implying Fe doping introduces vacancies. The oxygen
vacancies are induced by Fe doping and the spectrum reveals the charge transfer between Fe and Ce.
Fe3+ doping has two major eﬀects on the formation of ferromagnetism in CeO2 nanoparticles. The first,
at an Fe content of below 5%, is that the formation of Fe3+–Vo–Ce3+ introduces oxygen deficiencies
favoring ferromagnetism. The other, at an Fe content of over 5%, is the formation of Fe3+–Vo–Fe3+,
which favors antiferromagnetism, reducing the Ms. The defect structures Fe3+–Vo–Ce3+ and Fe3+–Vo–
Fe3+ are crucial to the magnetism in these NPs and the change in Ms can be described as the effect of
competitive interactions of magnetic polarons and paired ions.
Introduction
CeO2 is one of the most important rare-earth metal oxides and
has a wide range of industrial applications, such as in catalysis1,2
and solid oxide fuel cells.3,4 The electronic structure and
chemical and physical properties of CeO2 can be easily altered
by introducing oxygen vacancies. Such defects can be rapidly
formed and eliminated, giving rise to localized or delocalized 4f
electron states. Another potentially important application is the
diluted magnetic oxides with Curie temperature above room
temperature which are a new class for spintronics. Magnetic
ordering in a semiconductor depends on a small proportion of
transition metal ion dopants that have partially filled d shells,
which allow the unpaired electron to mediate ferromagnetism.5–9
Many other mechanisms have also been suggested. They include
the second-phase or exchange interaction.10–12 The discovery of
room temperature ferromagnetism (RTFM) in undoped hafnium
dioxide thin films was quite unexpected since neither Hf4+ nor
O2 are magnetic ions, and the d and f shells of the Hf4+ ion are
either empty or full. The origin of the RTFM in such a material
has been suggested to be the oxygen vacancy defects and RTFM
has been described as the mutual interaction of magnetic
polarons.13,14 Since then, more studies of dilute magnetic semi-
conductors and oxides have been conducted. In materials
with defect-induced magnetism, the advanced nanostructuring
technique can be used to artificially engineer and control the
defects, such that nanostructuredmaterials are goodmodel systems
for investigating the origin of ferromagnetism. Ferromagnetism has
been proposed to be a universal phenomenon in nanoparticles of
extremely small size,15,16 but its mechanism is not well understood.
Chen et al. recently elucidated the relationship between defects and
ferromagnetism in CeO2 nanocrystals.
17 The ferromagnetism of
such nanocrystals can be enhanced by adding non-magnetic
trivalent dopants, and this effect is attributable to the formation
of more oxygen vacancies.18 In the samemanner, the introduction
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of Fe dopant, which normally has a valence of less than +4, may
alter the crystal structure and the valence of the Ce ions,
changing the chemical or physical properties. The electronic
structures around the Ce and Fe sites provide valuable informa-
tion. Therefore, this study examines the electronic structure of
Fe-doped CeO2 NPs at room temperature using X-ray absorp-
tion spectroscopy (XAS) and X-ray emission spectroscopy (XES),
which can directly probe the occupied and unoccupied states
near the Fermi level, to reveal the effect of Fe doping on the
defects and electronic structure of CeO2 nanoparticles.
Experimental
CeO2 nanoparticles were prepared by the precipitation method.
Ce(NO3)36H2O was mixed with 80% EG/water with stirring at
600 rpm at room temperature. When the precursor had totally
dissolved, NH4OH (3 mol L
1) was added. The solution was
maintained at 60 1C for 21 h. The precipitate was separated by
centrifugation at 6000 rpm for 15 min and then washed several
times using DI water and alcohol. After it was dried for 24 h,
CeO2 NPs were obtained. To form the Fe-doped CeO2 NPs, in
the first step, the precursor Fe(NO3)36H2O was added at the
same time as Ce(NO3)36H2O that was mixed with EG/water.
The NPs were characterized using synchrotron X-ray diﬀraction
(XRD) performed at BL01C2 of the National Synchrotron Radia-
tion Research Center (NSRRC), Taiwan. The concentrations of
Fe-doped CeO2 were 1%, 3%, 5%, 7%, 9% and 11%, and the
size of the NPs varied from 2 nm to 3 nm. The O K-edge soft-
X-ray emission and soft-X-ray absorption spectroscopy experi-
ments were performed at undulator beamline 7.0.1 at the
Advanced Light Source (ALS), Lawrence Berkeley National
Laboratory (LBNL). The soft-X-ray emission spectra were
obtained using a high-resolution grazing incidence grating
Rowland circle-type spectrometer with a two-dimensional
multi-channel plate detector whose resolution was set to 0.5 eV.
Soft-X-ray absorption at the Ce M4,5-edges was conducted at
BL7.0.1 at ALS. The resolution was set to 0.2 eV for the soft-
X-ray absorption measurements. The extended X-ray absorption
fine structure (EXAFS) measurements at the Ce L3-edge and the
Fe K-edge were made at Wiggler beamline 17 C using the
transmission mode at the NSRRC. The monochromator Si (111)
crystals were used in Wiggler beamline 17 C with a resolving
power E/DE of better than 7000. Since the energy of the Ce
L2-edge is about 6164 eV, the energy range over which EXAFS
measurements of the Ce L3-edge are made is usually extended
to 400 eV above the L3-edge (5723 eV). The soft X-ray absorption
spectra at Fe L2,3-edges were recorded at the HSGM bending
magnet beamline 20 A in the total electron yield mode with an
energy resolution of 0.2 eV.
Results and discussion
Fig. 1(a) presents the powder X-ray diﬀraction patterns of
Fe-doped CeO2 NPs with various Fe doping concentrations
(from 1% to 11%) and undoped CeO2 NPs. The diﬀraction
peaks are indexed according to the cubic fluorite structure with
the space group Fm31m (JCPDS 34-0394), which is that of bulk
CeO2. No diﬀraction peak from any impurity, such as pure Ce
and Fe, or any other cerium oxide or iron oxide, was obtained
within the detection limit. The peaks broadened as the Fe
doping level increased. Several possibilities can explain the
peak broadening, especially the decreasing particle size and
distorted structure. The mean particle size can be estimated
from the full width at half maximum of the XRD peaks based
on the Scherrer equation. The particle size was estimated to be
in the range from 2 to 3 nm, which is consistent with the TEM
results. The diﬀraction peaks of Fe-doped CeO2 were shifted to
high angles relative to those of the undoped oxide, indicating
the reduction of the lattice constant upon doping with Fe. This
reduction is attributable to the substitution of the smaller Fe3+
(0.064 nm) for the Ce4+ (0.097 nm) ions, and suggests that Fe
ions are incorporated into the CeO2 matrix. Although the XRD
results demonstrate the absence of a secondary phase or Fe
metal clusters, direct identification of local impurity clusters
that do not exhibit long-range order may depend on EXAFS.
Unlike XRD, EXAFS is applicable to short-range ordered
structural phases. The short-range structural information that
is provided by EXAFS oﬀers element-specific insight, which is
complementary to that provided by XRD, and includes informa-
tion about the number, position and identity of atoms that
surround absorbing elements, as well as about structural dis-
order. To provide information about local atomic structures,
Fig. 2(a) and (b) display the Fourier-transformed amplitude of
the Ce L-edge (k range 3.1 to 10.1 Å1) and Fe K-edge (k range
3.04 to 12.1 Å1) EXAFS oscillations of CeO2 NPs with various Fe
doping concentrations together with the Fe K-edge of Fe metal,
FeO and Fe2O3 for reference. The radial distribution functions
in Fig. 2(a) and (b) provide partial atomic distribution around
the Ce and Fe sites. The dominant Fourier-transformed inten-
sity in Fig. 2(a) and (b) is provided by the scattering from the
first coordination shell, respectively, corresponding to Ce–O
pair and Fe–O pair. The first coordination peak of the Fe-doped
samples in the Fourier-transformed EXAFS signal in Fig. 2(b),
Fig. 1 (a) XRD results for pure CeO2 NPs and those doped with various
concentrations (from 1% to 11%) of Fe.
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viewed from an Fe atom, differs from that of the reference
samples (Fe metal and Fe oxides), but resembles that in
Fig. 2(a), viewed from a Ce atom. This fact implies that Fe
atoms substitute for Ce ions in the CeO2 matrix. The Fourier-
transformed EXAFS results also reveal that the concentrations
of impurities, such as Fe metal clusters or Fe oxides, in the
doped samples are too low to be detected, such that these
impurities can be neglected herein.
Fig. 3(a) displays the oxygen K-edge XAS spectra of CeO2
bulk, NPs and NPs with various concentrations of Fe dopants
(from 1% to 11%). All spectra are normalized to the energy of
565 eV, at which the electrons transition to the continuum
states. The feature-rich spectra of the O K-edge arise from the
transitions from the O 1s to the 2p-derived unoccupied states.
The spectra of the iron oxides are plotted in the inset for
reference to compare the hybridizations of Ce 4f–O 2p and Fe
3d–O 2p. The spectra of three reference iron oxides (FeO, Fe2O3,
and Fe3O4) demonstrate that the two peak structures at 529–531 eV
are hybridized with O 2p and Fe 3d-t2g and 3d-eg states. The peak
positions of cerium dioxides differ markedly from those of iron
oxides, implying that the formation of iron oxide in these
nanoparticles is unlikely. The spectral profiles of Fe-doped
CeO2 nanoparticles resemble those of bulk CeO2, except that
the features are broadened, indicating that the electronic
structure and the crystal structure of the nanoparticles are
similar to those of CeO2. The broadening of the features
originated in the modulation of the electronic structure by
the Fe doping. Cerium dioxides yield three peaks (A3, B3 and
C3) at 530, 532.5 and 537 eV, as displayed in Fig. 3(a). Peaks A3,
B3 and C3 reflect the hybridization of the empty O 2p hole states
with the cerium-dominated 4f, 5d-eg and 5d-t2g states, respec-
tively.19 Notably, a comparison of the bulk and nanoparticle
samples reveals crystal field effects, as the separation of the
energies of the 5d-eg and 5d-t2g states of the nanoparticles
exceeds that of the bulk sample. The crystal field effects are less
important in doped and undoped nanoparticles since the
separation of energy seems to be only weakly sensitive to the
Fe content of the material. Additionally, the intensity of peak A3
varied upon doping with Fe. The variation of this peak intensity
implies a change in the hybridization of the O 2p–Ce 4f states,
and so reflects the 4f occupancy number and the valence of
Ce.19 The decreased intensity of peak A3 of nanoparticles
relative to the bulk suggests a reduction of the unoccupied 4f
states, which may indicate that the 4f orbital in nanoparticles is
filled with electrons. Since the formation of oxygen vacancies
may pull down the energy of the Ce d and f orbitals closer to the
Fermi level,20,21 the energy shift is related to the shift of the d
and f states of the Ce atoms down in energy toward the Fermi
level, such that some of the f states even cross Ef, lowering the
valence of the Ce ions. Hence, the drop in the intensity of A3
may reflect the fact that the nanoparticles contain more oxygen
vacancies than the bulk. To elucidate the variation of the
intensity of peak A3, a Gaussian function was fitted to it,
22 as
shown in Fig. 3(b). For all nanoparticles with various Fe doping
levels, the changes in peak A3 clearly reveal the following. First,
the energy of the peak shifts upward with the concentration of
Fe dopant up to a certain concentration, beyond which it shifts
back to low energy upon further increase in the dopant concen-
tration. Second, the area under the peak increases with the
doping level up to 5% and declines beyond 5%, as plotted in
Fig. 3(c). These results demonstrate that the 4f occupancy
varied with doping concentration.
Owing to the large overlap of the wave functions of O 2p and
the Ce 4f orbital, the pre-edge of the O K-edge that arises from
the O 2p–Ce 4f states may yield the density of Ce 4f states.
However, the Ce M4,5-edge XAS corresponds to the electron
transition from the Ce 3d3/2 and 3d5/2 core levels into the 4f
unoccupied electronic states. It thus directly reflects the occupancy
of the 4f orbital. Fig. 4(a) presents the Ce M4,5-edge XAS of
Fe-doped CeO2 nanoparticles along with the reference samples
Fig. 2 Fourier-transformed amplitude of EXAFS at (a) Ce L3-edge and (b) Fe
K-edge.
Fig. 3 (a) O K-edge XAS of CeO2 bulk, NPs and NPs with diﬀerent Fe concentra-
tions (1% to 11%). (b) Enlargement of the pre-edge region. The red area at the
bottom is fitted with a Gaussian function, from which is determined the amount
of Ce 4f–O 2p hybridized states. (c) Variation of the intensity of peak A3.
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CeAl2 and CeO2. Bulk CeO2 yields two distinct satellite structures
s and s0 (indicated by arrows) B5 eV above the main M5- and
M4-edges. However, these satellite structures are smeared out in
the nanoparticles and absent from CeAl2 (indicated by an
asterisk). The Ce in CeAl2 and CeO2 is typically regarded as
trivalent and tetravalent, respectively. Normally, the M4-edge
follows the M5-edge and is regarded as a replica of the M5-edge.
For simplicity, only the M5-edge is considered below. The bulk
CeO2 yields a dominant peak C4 at 882.6 eV with a significant
satellite structure sB 5 eV above it. CeAl2 exhibits double peaks
A4 and B4 at lower energies (880.2 and 881.2 eV) without the
satellite structure. At first glance, all nanoparticles exhibit mixed
Ce3+ and Ce4+ configurations in their ground states, as the
spectral profiles include the characteristic features of CeAl2
and CeO2. Further inspection demonstrates that the intensity
ratio of (A4 + B4) to C4 varies with the concentration of Fe doping.
The intensity of feature (A4 + B4) initially increases as the size of
the material declines from the bulk to NPs, implying an increase
in the Ce3+ contribution,23 and feature (A4 + B4) becomes slightly
weaker as the doping level approaches 5%, but it eventually
increases again as the doping level rises above 5%. A standard
procedure was used to evaluate the Ce3+/Ce4+ ratio.24 The
combined spectra of CeAl2 and CeO2 were utilized to examine
the valence state of Ce. Fig. 4(b) shows an enlargement of the
M5-edge and the results of the best fits (red curves) to the
experimental data (black curves). Fig. 4(d) displays the resulting
Ce3+/(Ce3+ + Ce4+) intensity ratios. The satellite structures s and s0
originate from transitions to the 4f states in the conduction
band25 and thus they are indicative of the contribution of 4f0
states. Since trivalent CeAl2 yields no such satellite peak, the
intensity of the satellite peak can be used to determine the
amount of 4f0 states. Fig. 4(c) magnifies the region of the satellite
and its contribution is extracted by fitting a peak function.
Fig. 4(d) also plots the variation of the density of 4f 0 states
versus the proportion of Fe dopant. The area under the peak
increases with doping up to 5–7%, and then decreases as the
doping level increases further. The change in 4f 0 intensity is
consistent with the Ce3+ proportion that was estimated from
the M-edge (blue square) in Fig. 4(d). Accordingly, the dependence
of the valence on the concentration of the doping level can be
divided into two regions: (I) at a dopant concentration below 5–7%,
the amount of trivalent Ce decreases as the dopant level increases,
and (II) at a dopant concentration above 5–7%, the amount of
trivalent Ce increases with the dopant level. This observation agrees
closely with the O K-edge result obtained above.
The relationship between Ce valence and defects was estab-
lished using various oxygen vacancy engineering processes in
CeO2 nanoparticles.
17,26,27 In pure CeO2 nanoparticles, the
amount of trivalent Ce increased with the number of oxygen
vacancies that were formed. In the Cr-doped nanoparticles, the
Cr dopants retained the 3+ oxidation state at various doping
levels. The proportion of Ce3+ was enhanced by Cr3+ doping
since the addition of Cr3+ creates more oxygen defects than
were present in pure CeO2 nanoparticles. Herein, the observed
behavior is more complex than in Cr-doped CeO2 nano-
particles, as the valence of Ce does not vary monotonically with
the Fe doping level. The defect structures and local electronic
structures around the Fe sites are essential for elucidating this
extraordinary phenomenon. Generally, an impurity may be
present as a defect level slightly below the conduction band
or slightly above the valence band, and so influence the
electronic structure and band edge around the Ef. Fig. 5(a)
shows the absorption–emission spectra, which reflect informa-
tion about not only the band gap but also the electronic
structure in CB and VB near the Fermi level. The band gap is
observed between the CB maximum and the VB minimum,
which can be determined by the first-order derivatives of the
Fig. 4 (a) Ce M4,5-egde XAS of CeO2 NPs with various Fe contents (1% to 11%)
and of reference samples that contain trivalent and tetravalent Ce. (b) Enlarge-
ment of experimental (black line) M5-edge and that fitted (red line) by linear
combination of CeO2 and CeAl2 spectra. (c) Enlargement of the 4f
0 satellite
feature. (d) Comparison of intensities of satellite features and Ce3+/(Ce3+ + Ce4+)
ratios.
Fig. 5 (a) O K-edge X-ray absorption–emission spectrum. (b) First-order deriva-
tive of XAS and XES spectra for bandgap determination. (c) Bandgap versus Fe
concentration.
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absorption and emission spectra, respectively.28 Fig. 5(b) displays
the differential absorption–emission spectrum of bulk CeO2, which
yields a fundamental band-gap energy of 3.35 eV. This value is
close to the band gap that is measured by the UV-visible absorp-
tion spectrum.29 Fig. 5(c) plots the variation of the band gap with
the doping level of Fe in CeO2 nanoparticles.
The band gap of nanoparticles is narrower than that of bulk
CeO2, and this narrowing can be attributed to the modulation
of 4f electronic states. Clearly, the pre-peak of the O K-edge,
whose structure originates from O 2p–Ce 4f hybridization, has a
lower intensity in nanoparticles than in the bulk because
nanoparticles contain more oxygen vacancies and therefore
more Ce3+ ions. The change in the electronic configuration
from Ce4+ (4f 0) to Ce3+ (4f1) implies the entry of an extra
electron into the 4f orbital, and this orbital filling reduces the
energy gap. Notably, when Fe was doped into the CeO2 nano-
particles, the band gap decreased up to a doping levelB5–7%.
As Fe doping rose above 5–7%, the band gap continuously but
slowly narrowed. Several factors influence the band gap of a
material. The quantum size effect is well known to enlarge the
band gap (by, for example, shifting the conduction band to a
higher energy and the valence band to a lower energy). The
quantum size effect may not be significant herein since the
sizes of the nanoparticles are in the narrow range ofB2–3 nm.
This finding is consistent with the observation of Masui et al.,
who found no quantum size effect in ultrafine CeO2 particles of
at least 2.6 nm in size.30 Additionally, if this effect were
dominant, then the bandgap would be higher in nanoparticles,
rather than low. Consequently, the size effect does not dominate
the change in the band gap. The difference between the electro-
negativities of oxygen and the metallic element has been also
suggested to affect the bandgap31,32 in a binary semiconductor
system. A larger difference between the electronegativities of
the oxygen and the metal should result in a larger band gap. In
Fe-doped CeO2, Fe has a higher electronegativity (1.81) than does
Ce (1.12), so the band gap in Fe-doped CeO2 should be larger
than that in undoped CeO2. However, this fact does not fully
explain the observed differences between the band gaps. In the
doped system, the dopant may induce a defect level within the
band gap of the host material and thereby reduce the band
gap.33 The band gap herein monotonically decreases with
increasing Fe concentration, and this effect is contrary to the
mutually consistent O K-edge and Ce M-edge results. The most
likely cause of the change in the band gap is the difference
between the defect structures associated with oxygen vacancies
in these nano-scaled particles as a function of Fe doping.34 Since
the oxygen vacancies are derived from doping, the electronic
structure and the defect structure around the Fe sites might have
been critical.
Fig. 6 presents the Fe L2,3-edge XAS of Fe-doped CeO2
nanoparticles, which exhibits the transitions from Fe 2p1/2
and 2p3/2 to Fe 3d unoccupied states. The inset plots the results
for the samples FeO, Fe2O3 and Fe3O4 for reference. The peak
positions and the spectral line shape of the 3d metal L-edge
depend strongly on the local atomic and electronic structures
of the metal ions, providing information on the electronic
configuration and valence states. With respect to the reference
samples, the iron in FeO and Fe2O3 has octahedral symmetry,
as revealed by the double peak profiles, and their d orbitals
split into lower energy t2g and higher energy eg states. Fe3O4
yields three prominent features at 706.5, 708 and 709.2 eV,
which correspond to Fe2+ at the Oh sites, Fe
3+ at the Td sites,
and Fe3+ at the Oh sites, respectively. In the nanoparticles, the
tetrahedral coordination of the CeO2 matrix and the electric
interaction cause the d orbital of the iron to exhibit three- and
two-fold degeneracy, corresponding to the lower two eg states
and the higher three t2g states. The spectral profiles of Fe-doped
CeO2 NPs are similar to each other and diﬀer from those of FeO
(Fe2+), Fe3O4 (mixed Fe
2+ and Fe3+), and Fe2O3 (Fe
3+). The
diﬀerence between the intensities of the t2g and eg peaks is
indicative of the variation of the Fe 3d-occupancy.35 Direct
comparison of the specific multiplet structures at the L3- and
L2-edges enables the charge states of these NPs and the
reference samples to be determined. Feature A5 is attributed
to Fe2+ and that at B5 is attributed to Fe
3+. According to the
calculated spectra of Fe2+ and Fe3+ in Td and Oh coordination
environments, all Fe L-edge line shapes are consistent with a
tetrahedral coordination,36 which is expected when Fe ions are
substituted for Ce in the CeO2 matrix. The bottom of Fig. 6(a)
displays the calculated XAS (taken from ref. 36) of Fe2+ and Fe3+
under Td symmetry with 10Dq = 2 eV. The XAS spectra of
trivalent Fe ions in iron oxides are well known to include only
doublet peaks at both L2 and L3 edges. Fe2O3 yields a dominant
peak close to 710 eV, along with double peaks near 721 and
723 eV, which are characteristic of Fe+3 ions. The small peak at
719.8 eV is characteristic of Fe2+ ions. All Fe-doped CeO2
nanoparticles yield this small feature, which verifies the mixed
valence of Fe.
The experimental observation of the changes in eg and t2g
can be explained in terms of d orbital occupancy. The valence
state can be estimated by the specific weight of each of the two
lines, as the ratio I(L3)/I(L2). Fig. 6(b) presents the relative
intensities of the white lines evaluated using diﬀerent methods
Fig. 6 (a) Fe L2,3-edge of XAS of CeO2 NPs with diﬀerent concentrations of Fe;
the inset shows the results for FeO, Fe2O3 and Fe3O4. (b) Fe charge state against
the L3/L2 ratio. (c) Correlation among the Fe L3/L2 ratio, the A5/B5 intensity ratio
and the Ce3+/(Ce3+ + Ce4+) ratio.
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that have been described elsewhere (Method 1: FeO 4.6(0.3),
Fe3O4 5.2(0.3), Fe2O3 6.5(0.3); Method 2: FeO 3.9(0.3), Fe3O4
4.2(0.3), Fe2O3 4.7(0.3); Method 3: FeO 4.3(0.2), Fe3O4 4.5(0.1),
Fe2O3 5.1(0.3)
37,38) Although the values obtained from diﬀerent
reports vary, I(L3)/I(L2) universally increases with the valence
state. Fig. 6(b) plots the I(L3)/I(L2) of the nanoparticles and
reference samples herein. These values are consistent with
the universal trend, and the Fe valences of the nanoparticle
samples herein (indicated by solid blue circles) are between
those of Fe2+ and Fe3+. Fig. 6(c) plots the I(L3)/I(L2) ratio against
dopant concentration. Since feature A5 is attributed to Fe
2+ and
the one at B5 to Fe
3+ components, the valence of iron can be
determined from the intensity of peaks A5 and B5. It is con-
sistent with the trend of I(L3)/I(L2), which is displayed in
Fig. 6(c). As revealed by Ce M-edge and O K-edge, the valence
of Ce initially increases and then decreases with increasing
doping, as also presented in Fig. 6(c). The Ce valence therefore
varies oppositely to the Fe valence, suggesting that charge
transfer may occur between Ce and Fe. With respect to the
magnetic measurements of the Fe-doped NPs,39 the variation of
Ms with the Fe concentration is consistent with earlier studies
by Wen et al.,40 although the maximum Ms value obtained
herein is 5%, whereas Wen et al. obtained a maximum Ms at
3%. Ms increases with Fe doping concentration up to 5%
because the dopant produces oxygen vacancies (Vo), strongly
supporting the F-center mediated exchange mechanism, in
which an Vo traps an electron to form an F-center, which
constitutes a bound magnetic polaron.41 However, as the Fe
concentration rises over 5%, Ms decreases; a mechanism other
than the magnetic polaron mechanism appears to be involved,
influencing the magnetic behavior of NPs with a high concen-
tration of dopants. Based on the above results, although more
oxygen vacancies are formed as the Fe concentration increases
over 5%, the decrease in Ms is attributable to the formation of
TM paired ions. The paired TM ions are expected to exhibit a
superexchange interaction with each other that is mediated by
one oxygen ion, giving rise to antiferromagnetic behavior and
reducing the Ms value.
Conclusion
The electronic and atomic structures of CeO2 nanoparticles
with various concentrations of dopant Fe were investigated by
X-ray absorption and X-ray emission spectroscopy. As the
dopant Fe content is varied, two regions are identified: at lower
doping, vacancies are formed by the Fe doping and so the
Ms increased. This eﬀect is explained by the interaction of
magnetic polarons. The defect structure that is formed by Fe in
this region is thought to be Fe3+–Vo–Ce3+ and the increase in
Fe2+ and Ce4+ contents was attributed to the charge transfer
between the Ce and Fe. However, at a higher doping level, the
vacancies still can be created by the Fe doping – but at a low
rate. In this region, Ms decreases with increasing dopant
concentration. The charge transfer between Ce and Fe is
insignificant and so the Fe3+ and Ce3+ concentrations increase.
Consequently, the number of Fe3+–Vo–Fe3+ defect structures is
increased, causing the paired ion structure. The paired ions
mediated by one oxygen ion are expected to give rise to
antiferromagnetism, such that the Ms decreases as the doping level
increases. The major effect of doping CeO2 nanoparticles with Fe
3+
is the formation of different defect structures, causing a competitive
interaction between ferromagnetism (caused by magnetic polarons)
and antiferromagnetism (caused by paired ions).
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